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Background:  Notching  of the  scapular  pillar  is  the  main  radiographic  complication  seen during  follow-up
of  reverse  shoulder  arthroplasties.  Several  recommendations  pertaining  to  the  implantation  technique
and  glenoid  component  design  have  been  suggested.  No  studies  have  investigated  potential  anatomic
risk  factors  for inferior  scapular  impingement.
Hypothesis:  A  speciﬁc  anatomic  shape  of the  scapular  pillar promotes  the  development  of  notching.
Materials  and  methods:  The Aequalis  Reversed® (Tornier  Inc.,  Edina,  MN,  USA)  prosthesis  was  implanted
into  40  cadaver  scapulae.  We measured  maximal  range-of-motion  (ROM)  in  internal  rotation,  external
rotation,  and  adduction.  The  anatomic  specimens  were  then  imaged  using  two-dimensional  computed
tomography  (CT)  and  the scapular  neck  angle,  surface  area  under  the  scapular  pillar,  and  distance  from
the central  glenosphere  peg  to the  inferior  glenoid  rim  were  measured.  Associations  between  these  CT
parameters  and  ROM  values  were  assessed  using  statistical  independence  tests.
Results:  ROM  values  were  greatest  when  the surface  area  under  the  scapular  pillar  was above  0.8  cm2
(P <  0.5).  This  feature  combined  with  a scapular  neck  angle  less  than  105◦ produced  the  largest  ROM
values  (P  <  0.5).
Discussion:  The  scapular  neck  angle  alone  is  not  sufﬁcient  to  identify  a scapular  morphology  that  increases
the  risk  of notching.  The  surface  area  under  the scapular  pillar,  in contrast,  discriminates  between  scapulae
with  and without  a high  risk  of  notching.  The  surface  area  under  the scapular  pillar  is  inﬂuenced  by  the
inferior  glenoid  offset.
Conclusion:  We  were  unable  to deﬁne  a  speciﬁc  scapular  shape  at high  risk  for notching.  The  prevention
of  notching  should  rely  chieﬂy  on  a rigorous  glenoid  component  implantation  technique,  with  particular
attention  to  the inferior  offset.
Level  of evidence:  III, experimental  study.. Introduction
Reverse shoulder arthroplasty was developed by Grammont
t al. [1] in 1985 and has since then been proven effective in older
atients with eccentric gleno-humeral osteoarthritis. Boileau et al.
2] reported signiﬁcant improvements in pain scores and forward
rm elevation in the plane of the scapula, which had increased by
0◦ after the mean follow-up of 40 months. The two  main adverse
utcomes after reverse shoulder arthroplasty are decreased
∗ Corresponding author. Tel.: +33 247 474 747; fax: +33 247 475 912.
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877-0568/© 2014 Elsevier Masson SAS. All rights reserved.©  2014  Elsevier  Masson  SAS.  All  rights  reserved.
range-of-motion (ROM) with the elbow by the side [3–5] and notch-
ing of the scapular pillar [6].
Recommendations regarding the surgical technique have been
made to prevent these adverse outcomes. The ﬁrst criterion iden-
tiﬁed to ensure optimal implantation of the glenoid component is
inferior positioning of the glenoid baseplate as described by Nyf-
feler et al. [7] and Kelly et al. [8], according to the 12-mm rule. If
the drill guide used to prepare the glenoid cavity is placed 12 mm
away from the inferior glenoid rim, the supero-inferior position
of the glenoid implant will be appropriate to prevent the devel-
opment of notching, regardless of the shape of the scapula. The
second technical criterion is lateralisation of the centre of rota-
tion achieved either by using lateralising implants as suggested by
Frankle et al. [9], Kalouche et al. [10], and Valenti et al. [11]; or by
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mplanting a lateralised bone graft according to the BIO-RSA (Bony
ncreased Offset-Reverse Shoulder Arthroplasty) concept devel-
ped by Boileau et al. [12]. Nevertheless, lateralisation would be
xpected, in theory, to increase the loads on the bone-glenoid
aseplate interface [13], thereby potentially increasing the risk of
lenoid component loosening in the event of prosthetic lateralisa-
ion or of non-union in the event of bony lateralisation.
A number of improvements in the material have been
ntroduced, and glenospheres are now available in various diame-
ers and designs. Gutiérrez et al. [14–16] obtained better elevation
n the plane of the scapula with glenospheres that had a lateralising
ffect, whereas notching prevention was most effective with gleno-
pheres that were positioned off-centre. In previous works [17,18],
ur group showed that a large-diameter glenosphere with BIO-RSA
ateralisation was the most effective combination for delaying infe-
ior scapular impingement, while allowing well-balanced rotation
OMs with the elbow by the side.
In contrast to this variety of suggested solutions, the inﬂuence
f scapular shape has received little research attention. The studies
onducted to date focussed chieﬂy on determining the best sites
or implanting the inferior baseline ﬁxation screws. Middernacht
t al. [19] described a position with posterior offset of the scapu-
ar pillar relative to the surgical axis of the glenoid cavity. Torrens
t al. [20] identiﬁed posterior position of the most prominent part
f the scapular pillar as a relevant feature and separated scapu-
ae into two groups depending on whether the neck was long or
hort. These studies seem to support a posterior direction of the
nferior glenoid baseplate screw. In contrast, Humphrey et al. [21]
dvocated an anterior direction of this screw, after demonstrating
he existence of an anterior buttress of the scapular pillar. Finally,
hese studies provide a volumetric description of the scapular pil-
ar, in the antero-posterior direction, but fail to identify speciﬁc
capular morphological features associated with the development
f notching after reverse shoulder arthroplasty.
The primary objective of our work, which relied on two-
imensional computed tomography (CT), was to analyse scapular
illar morphology in order to determine its inﬂuence in the risk of
nferior notching and the rotation ROMs. Our secondary objective
as to verify that the 12-mm rule devised by Kelly et al. [8] was
ndependent from scapular anatomic features.
. Materials and methods
.1. Materials
.1.1. Shoulders and prosthesis
We studied 40 cadaver shoulders (20 from left and 20 from right
pper limbs) that had no detectable evidence of prior injury (no
nternal ﬁxation material or malunions) or overt osteoarthritis (no
lenoid cavity deformities to the naked eye). Mean age at death
as 79.1 years (range: 61–95 years) and there were 21 men  and
9 women. We  had no information on the height or weight of the
onors.
Before CT, the Aequalis Reversed II® (Tornier Inc., Edina, MN,
SA) prosthesis was implanted into each shoulder.
.1.2. Computed tomography (CT)
We  used a Somatome® Deﬁnition AS+ machine (Siemens S.A.S.,
rance).
.2. Methods.2.1. Prosthesis implantation and range-of-motion (ROM)
easurements
The reverse shoulder prosthesis was implanted according to a
etailed and reproducible protocol, by a single operator, on the: Surgery & Research 100 (2014) 495–502
cadaver specimens. Each specimen included the scapula-humeral
girdle with the clavicle, forearm, and hand.
A modular metallic holder (Sawbones, Malmö, Sweden) was
devised. A vise was clamped onto the scapula and an articulated
arm was attached to the rest of the upper limb via an intramedullary
nail screwed into the humeral implant. This device allowed us to
replicate shoulder movements in all planes. ROMs were measured
using protractors in the coronal and horizontal planes. The goal of
the assembly was to allow modiﬁcations of the degree of humerus
elevation while enabling ROM measurements.
On the glenoid cavity side of the shoulder, a baseplate of 25 mm
in diameter was  combined with a 36-mm centred glenosphere,
after preparation of the glenoid cavity around a threaded drill guide
held perpendicularly to the joint surface and in compliance with
the 12-mm rule described by Kelly et al. [8]. On the humeral side,
we used a stem measuring 6.5 mm  in diameter with a metaphysis
measuring 36 mm in diameter and an insert of the same diameter.
Humeral retroversion was adjusted using a guidewire positioned
relative to the axis of the forearm.
Once preparation of the shoulder prosthesis assembly on the
metallic articulated holding device was complete, a crucial prelim-
inary to performing the various measurements was adjustment of
glenoid cavity alignment to ensure that the centre of rotation of
the gleno-humeral joint was  on the same axis as that of the metal-
lic holder (Figs. 1 and 2). The plane of reference was the plane of
the scapula: rotation was considered neutral when the forearm
with the elbow ﬂexed to 90◦ was  perpendicular to the plane of
the scapula.
For each of the 40 cadaver shoulders bearing the reverse pros-
thesis, we  measured the maximal ROM values in forward elevation
in the plane of the scapula, adduction, internal rotation, and exter-
nal rotation [17,18]. The maximal ROMs were deﬁned as ROMs
at which superior, inferior, anterior, and posterior impingements
occurred. Rotation ROMs were measured with the humerus in
20◦ of abduction. This angle was deﬁned based on the gleno-
metaphyseal angle, which reﬂects the position of the glenosphere
relative to the humeral implant. In a study by Falaise et al. [22],
the mean gleno-metaphyseal angle of 46.9◦ in patients with notch-
ing indicated 20◦ of humerus abduction; whereas the mean angle of
37.5◦ in patients without notching indicated 52◦ of humerus abduc-
tion with a strictly vertical orientation of the glenoid. We therefore
selected this low value to ensure detection of impingements during
rotation.
2.2.2. Computed tomography (CT)
After removal of the prostheses, each scapula was imaged by CT.
All specimens were in exactly the same position on a stiff support.
A laser beam was aimed at the middle of the central peg anchoring
the glenoid baseplate before image acquisition (Fig. 3).
The image acquisition protocol was the same for all CT scans. We
used a standardised protocol appropriate for bone imaging, with
a slice thickness of 0.6 mm,  0.3 mm  increments, and mutiplanar
reconstruction. The total radiation dose delivered was 140 kV, i.e.,
the same as the dose used to examine living patients.
2.2.3. Image analysis and processing
The CT scans of each scapula were obtained in DICOM (Digi-
tal imaging and communications in medicine) format. They were
visualised and analysed using Osirix® software (version 3.7.1, GNU
General Public License).
2.2.4. Data collection
We elected to study only two-dimensional CT acquisitions. This
choice was based on the difﬁculties encountered in identifying
reliable parameters that can be used and measured on three-
dimensional acquisitions.
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big. 1. Diagram of the metallic articulated holder allowing shoulder movements in
osition (the forearm and hand are not shown on the diagram but were present in 
For each scapula, data were collected twice by the same observer
t an interval of 1 month. The measurements were obtained after
eﬁning a reference axis through the middle of the central meta-
lenoid peg in the coronal, sagittal, and horizontal planes (Fig. 4).
e also measured the following variables in the coronal plane
Fig. 5):
cranio-caudal height of the scapular glenoid cavity;
distance from the middle of the central peg anchoring the glenoid
baseplate to the inferior rim of the prepared bony glenoid, or peg-
glenoid rim distance (PGRD), after application of the 12-mm rule
described by Kelly et al. [8];
scapular neck angle formed by the line connecting the superior
and inferior poles of the prepared glenoid cavity and the line
drawn from the inferior glenoid cavity pole to a point located
10 mm away on the scapular neck prominence, as described by
Simovitch et al. [23];
ig. 2. Photograph showing the ﬁnal assembly of the cadaver shoulder implanted
ith a reverse shoulder prosthesis and placed on the metallic articulated holder,
efore the measurements.anes and of the system used to place the glenoid component in the zero reference
dy specimens).
• surface area demarcated by the scapular neck and pillar (SAUSN),
the 36-mm glenosphere segment overhanging the inferior pole
of the glenoid cavity, and the horizontal line from the edge of the
glenosphere to the bony prominence of the scapular pillar.
2.2.5. Statistical analysis
Inter-observer reproducibility was evaluated using the least
squares method, with computation of the correlation coefﬁcient
R and of the coefﬁcient of determination R’.
Steps of 0.10 mm for distances, 0.5◦ for angles, and 0.04 mm2
for surface areas were used for the computations. The relationships
between adduction and rotation ROMs, the scapular neck angle, and
the SAUSN were evaluated using the Chi2 test for independence;
however, when the sample size was  less than 5, Fisher’s exact test
was used. Values of P less than 0.05 were considered signiﬁcant.
The above-described least squares method was used to assess the
relation between PGRD, pillar angle, and SAUSN.
Statistical tests were performed using Stat View software (ver-
sion 4.1, Abacus Concepts Inc., Berkeley, CA, USA).
3. Results
3.1. Range-of-motion (ROM) in adduction, internal rotation, and
external rotation (at 20◦ of abduction) after prosthesis
implantation
For the ROM measurements, we replicated the degree of
anatomic retroversion (17.5◦ on average) of each cadaver shoulder
during implantation of the reverse prosthesis (Table 1). The results
are reported as the means with the 95% conﬁdence intervals:
• adduction: −16.25 ± 2.85◦, indicating an adduction deﬁcit rela-
tive to the axis of the glenoid baseplate (zero reference position);
• internal rotation: 31.1 ± 10.2◦;
• external rotation: 33.8 ± 11.1◦.
3.2. Results from the two-dimensional computed tomography
(CT) acquisitions of the 40 scapulae3.2.1. Descriptive data
The results are reported as the means with the 95% conﬁdence
intervals (Table 1):
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Table  1
Recapitulation of the results.
Shoulder Rv Max
Abd
Max
Add
Differential
Abd-Add
RE1
max
RI1
max
Glen. Hght
(1)
Glen. Hght
(2)
PGRD
(1)
PGRD
(2)
Pillar angle
(1)
Pillar angle
(2)
SAUSN
(1)
SAUSN
(2)
1 R20 80 −10 70 80 40 38.15 36.41 14.51 14.02 96.715 98.428 0.518 0.5
2  R10 90 −20 70 0 0 32.6 32.71 13.02 13.06 108.314 110.249 0.319 0.427
3  R20 105 −20 85 0 0 39.62 39.33 14.21 14.63 110.345 108.964 0.543 0.376
4  R20 85 −15 70 60 50 41.17 41.27 14.09 14.12 107.691 105.461 0.222 0.24
5  R20 95 −10 85 55 60 35.13 35.28 13.94 13.64 108.405 110.382 0.419 0.236
6  R10 105 −10 95 45 55 38.56 39.39 12.89 12.51 100.667 98.14 0.305 0.46
7  R10 75 −10 65 55 85 33.63 34.02 13.08 12.49 102.148 100.214 0.654 0.786
8  R20 80 5 85 90 100 36.61 36.86 11.07 11.1 97.636 95.63 1.649 1.249
9  R20 80 −20 60 0 0 38.31 38.25 14.81 14.12 102.335 104.025 0.41 0.364
10  R10 75 −20 55 0 0 33.54 33.34 14.08 14.78 90.354 88.988 0.081 0.084
11  R10 80 −30 50 0 0 41.57 40.87 14.75 14.77 113.701 111.275 0.076 0.048
12  R10 80 −10 70 60 80 38.63 38.69 13.92 13.63 92.695 88.879 0.826 0.859
13  R30 90 −20 70 0 0 38.08 38.09 13.93 13.93 92.707 94.809 0.462 0.534
14  R10 85 −15 70 30 30 32.99 32.75 13.91 13.64 120.749 121.546 0. 293 0.277
15  R0 75 −35 40 0 0 36.48 37.14 14.17 14.42 107.553 106.224 0.226 0.289
16  R10 90 −5 85 40 100 35.54 34.82 14.4 14.05 100.652 99.872 1.001 1.163
17  R10 80 −15 65 30 60 37.12 37.69 13.84 13.89 107.912 107.837 0.33 0.314
18  R40 90 −30 60 0 0 43.08 42.8 15.07 15.57 87.921 88.075 0.076 0.099
19  R20 95 −20 75 0 0 38.98 37.42 13.92 13.6 91.609 90.169 1.364 1.169
20  R20 130 −30 100 0 0 42.66 42.16 13.34 13.05 86.153 86.203 0.419 0.391
21  R20 85 −15 70 40 50 38.7 38.47 12.71 12.65 80.189 80.87 1.689 1.784
22  R20 95 −10 85 45 30 36.293 36.69 11.01 11.88 111.14 115.171 0.485 0.516
23  R20 95 −20 75 0 0 43.92 43.21 16.646 16.5 109.807 107.394 0.148 0.154
24  R20 85 −15 70 55 35 33.85 33.49 14.18 13.94 107.097 105.645 0.471 0.553
25  R20 80 −15 65 25 25 38.04 38.59 12.95 12.97 108.741 106.889 0.515 0.534
26  R20 85 −30 55 0 0 39.48 39.77 14.6 15.23 89.137 92.866 0.037 0.029
27  R20 75 −10 65 55 40 44.29 44.01 14.85 14.39 84.223 85.096 0.345 0.489
28  R20 85 −10 75 90 55 34.19 34.21 13.14 12.31 107.839 108.006 0.92 1.074
29  R0 80 −10 70 60 90 35.33 37.21 12.4 12.18 91.931 91.981 1.512 1.482
30  R20 90 −10 80 85 35 35.69 34.85 12.32 11.77 97.03 97.389 0.885 0.892
31  R10 75 −30 45 0 0 40.3 39.66 12 11.42 104.515 106.05 0.202 0.274
32  R20 80 −20 60 0 0 31.01 32.08 12.91 13.15 106.879 105.438 0.214 0.278
33  R10 70 0 70 75 75 37.08 37.04 13.08 12.83 88.882 90.374 1.384 1.278
34  R30 75 0 75 125 55 41.23 41.87 9.41 9.2 99.545 101.793 1.275 0.991
35  R10 90 −10 80 60 45 33.64 33.96 14.28 14.3 97.763 97.232 0.539 0.587
36  R0 80 −25 55 0 0 36.7 37.09 14.07 14.1 98.49 99.11 0.771 0.594
37  R30 95 −20 75 0 0 35.45 36.61 14.19 14.39 110.289 107.382 0.283 0.411
38  R20 90 −10 80 90 50 39.82 39.04 13.17 12.79 94.976 93.022 0.741 0.913
39  R30 95 −30 65 0 0 36.42 37.76 13.48 12.75 118.357 119.229 0.364 0.314
40  R30 90 −20 70 0 0 41.31 41.89 13.71 13.74 94.948 96.25 0.199 0.175
NRV: native retroversion in degrees; Max  Abd: maximal abduction in degrees; Max  Add: maximal adduction in degrees; the differential is the motion arc from maximal
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height of the glenoid cavity: 37.63 ± 3.25 mm;
scapular neck angle: 100.68 ± 9.64◦;
SAUSN: 0.58 ± 0.052 cm2;
PGRD: 13.49 ± 1.31 mm.  Based on this value, we computed the
prosthetic glenoid overhang under the inferior bony glenoid rim
as 4.51 ± 0.41 mm.
Intra-observer reproducibility was very good, with a correlation
oefﬁcient greater than 96%.
.2.2. Inﬂuence of the scapular neck angle and surface area
emarcated by the scapular neck and pillar (SAUSN) on adduction
nd rotation ranges of motion (ROMs)
For this part of the statistical analysis, we chose cut-off values for
obility in each plane, of −15◦ for adduction and 0◦ for rotations.
hese cut-offs deﬁned two populations containing similar numbers
f scapulae (18/20).
We found no association between scapular neck angle values
nd ROMs in adduction (P = 0.12), internal rotation (P = 0.22), or
xternal rotation (P = 0.21).Highly signiﬁcant associations were demonstrated between
he SAUSN and ROMs in adduction (P = 0.0012), internal rotation
P = 0.0044), and external rotation (P = 0.0033). Higher SAUSN val-
es were associated with greater ROMs.1: maximal internal rotation in degrees; Glen. Hght: height of the glenoid cavity in
s; SAUSN: surface area under the scapular pillar in cm2. The number 1 indicates the
The three ROMs studied were signiﬁcantly improved when the
SAUSN was  greater than 0.80 cm2 (Fig. 6).
3.2.3. Inﬂuence of scapular neck angle on the surface area
demarcated by the scapular neck and pillar (SAUSN)
The correlation coefﬁcient used to evaluate the inﬂuence of the
scapular neck angle on the SAUSN was modest, equal to 39%, but
the association was highly signiﬁcant (P = 0.01). Thus, the scapular
neck angle explained nearly 40% of the SAUSN. When the SAUSN
was less than 0.8 cm2, the mean scapular neck angle was 102.9◦;
whereas a SAUSN equal to or greater than 0.8 cm2 was  accompanied
by a mean scapular neck angle of 94.6◦ (Fig. 7a).
Combining a scapular neck angle cut-off of 105◦ and a SAUSN
cut-off of 0.8 cm2 effectively separated two  different types of scapu-
lae characterized respectively by a mean neck angle of 109.9◦ with
a mean SAUSN of 0.36 cm2 and by a mean neck angle of 92.7◦ with
a mean SAUSN of 0.77 cm2. We  designated these two types as hav-
ing favourable and unfavourable neck morphologies, respectively
(Fig. 7b).3.2.4. Inﬂuence of scapular type on ranges of motion (ROM) in
adduction and rotation
Scapular type as deﬁned above based on the neck angle and
surface under the pillar was  signiﬁcantly (P = 0.04) associated
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Fig. 3. A. Photograph of a computed tomography view of a cadaver scapular placed
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When implanting a reverse shoulder prosthesis, careful atten-
tion must be directed to offset, tilt [7,8,24], and lateralisation
[9–12] in order to minimise the risk of subsequent inferior scapular
Fig. 5. Coronal computed tomography slice through the largest diameter of the
central peg. The parameters measured for the study are shown: in red: peg-glenoid
rim  distance (PGRD) as described by Kelly et al. (distance from the middle of the
glenoid baseplate central peg and the inferior rim of the prepared glenoid cavity);
in  orange: glenoid component overhang under the bony rim of the prepared glenoid
cavity; in green: scapular neck angle formed by the line connecting the superior and
inferior poles of the prepared glenoid cavity and the line connecting the inferior
pole of the glenoid cavity to a point located 10 mm away on the prominence of then a stiff support. B. Photograph of the laser identiﬁcation of the middle of the central
lenoid baseplate anchoring peg before image acquisition.
ith external and internal rotation ROMs. Thus, mean maximal
easured ROMs in external and internal rotation were 18.8 and
0.3◦ for the unfavourable scapular neck type versus 43.8 and
3◦ for the favourable scapular neck type. In contrast, only a
rend (0.06 < P < 0.07) was found between scapular type and adduc-
ion ROM: −14.3 and −19.4◦, respectively, for the favourable and
nfavourable neck types (Fig. 8).
.2.5. Inﬂuence of the peg-glenoid rim distance (PGRD) on
capular neck angle and surface area demarcated by the scapular
eck and pillar (SAUSN)
The PGRD was not signiﬁcantly associated with the scapular
eck angle.
In contrast, the glenoid prosthesis overhang under the infe-
ior bony glenoid rim computed based on the PGRD explained
early 30% of the SAUSN: the correlation coefﬁcient was −0.29
nd the association was very highly signiﬁcant (P = 0.0004)
Fig. 9).Fig. 4. Deﬁnition of the reference axis passing through the middle of the central
glenoid baseplate anchoring peg in the coronal, sagittal, and horizontal planes,
before the measurements.
4. Discussionscapular pillar, as described by Simovitch et al.; in yellow: surface area demarcated
by the scapular neck and pillar (SAUSN), the portion of the 36-mm glenosphere
overhanging the inferior glenoid rim, and the horizontal line connecting the edge of
the  glenosphere to the bony prominence of the scapular pillar.
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iig. 6. Diagram of range-of-motion variations, in degrees, according to the surface a
bove  which ranges of motion are signiﬁcantly better.
otching. The wide array and modularity of commercially available
lenoid implants help to prevent the development of this com-
lication, while also improving ROMs in rotation, which are often
imited after reverse shoulder arthroplasty [14–18]. Apart from the
ata reported by Torrens et al. [20], no information was available
n potential associations between scapular notching, ROM lim-
tations, and predisposing scapular anatomic features. Assessing
uch associations was the primary objective of our study. Our ﬁnd-
ngs allowed us to deﬁne two types of scapula based on combined
easurements of the scapular neck angle and SAUSN. ROMs were
igniﬁcantly better for scapulae having both a neck angle smaller
han 105◦ and a SAUSN greater than 0.8 cm2.
We ﬁrst assessed the inﬂuence of scapular anatomy using the
escriptive criterion reported by Simovitch et al. [23], namely
he scapular neck angle. Whereas this group found a signiﬁcantly
reater frequency of notching in scapulae with higher neck angle
alues, we found no signiﬁcant association between neck angle and
OMs in adduction or rotation. Thus, using only the scapular neck
ngle does not allow the identiﬁcation of anatomic scapular types
t high risk for notching.
The second descriptive criterion selected for our study was  the
AUSN. This was  the only criterion that separated two scapular
ypes: those with a SAUSN greater than 0.8 cm2 and those with
 SAUSN equal to or smaller than 0.8 cm2. A SAUSN greater than
.8 cm2 was associated with greater ROMs in adduction and rota-
ion.
Thus, different results were obtained with these two  descriptive
riteria. Nevertheless, the two criteria are closely connected, with a
orrelation coefﬁcient of about 40%. This discrepancy in the results
ay  be ascribable to inﬂuences on the SAUSN not only of scapular
natomy (scapular neck angle or length), but also of the technical
rosthesis implantation conditions. In our experimental proto-
ol, we used the 12-mm rule described by Kelly et al. [8], which
ndirectly reﬂects the height of the glenoid implantation, thereby
overning the inferior glenosphere overhang and consequently
he value of the SAUSN. Simovitch et al. [23] stated that appro-
riate cranio-caudal glenosphere positioning, reﬂecting inferior
rosthetic offset, was the main criterion for preventing notch-
ng, being more important than the scapular neck angle. Similarly,der the scapular pillar (SAUSN). The red line represents the SAUSN cut-off (0.8 cm2)
a cadaver study by Nyffeler et al. [7] demonstrated that inferior
glenoid component anchoring was crucial to improve adduction
ROM. In our study, we found a correlation of about 30% between
inferior glenoid implant position and the SAUSN.
Thus, the scapular neck angle and cranio-caudal glenoid com-
ponent position emerge as two major parameters for increasing
the SAUSN, thereby minimising the risk of notching. We  found
that the combination of a scapular neck angle of less than 105◦
and a SAUSN greater than 0.8 cm2 deﬁned a favourable scapular
geometry associated with better ROMs in the various planes. In con-
trast, the scapular geometry characterized by a neck angle greater
than 105◦ and a SAUSN less than 0.8 cm2 was unfavourable, that
is, associated with smaller ROM values. Nevertheless, there have
been reports that applying the 12-mm rule described by Kelly et al.
[8] can, in some cases, increase the SAUSN, thus cancelling out
the effects of an unfavourable scapular neck angle. Thus, only the
12-mm rule to determine the inferior glenoid offset may be able
to counteract a scapular geometry at high risk for notching. Sup-
port for this possibility comes from our ﬁnding that the prosthetic
glenoid overhang relative to the bony glenoid rim computed in our
study was constant, with a mean of 4.51 ± 0.41 mm,  regardless of
scapular geometry.
A single published study, by Torrens et al. [20], focused on mor-
phological scapular features of relevance to the implantation of a
reverse shoulder prosthesis. This descriptive study showed consid-
erable variability in scapular geometry. Two  groups were deﬁned,
long-neck and short-neck, respectively, although no cut-off was
identiﬁed. In addition, two scapular pillar types were distinguished
based on an angle complementary to the scapular neck angle
described by Simovitch et al. [23]: type I scapulae had a mean value
of 52◦ and type II scapulae a mean value of 64◦. However, no effort
was made to assess correlations between these descriptive features.
In addition, the scapulae were not implanted and no clinical data
were available. Torrens et al. [20] concluded that the surgical tech-
nique must be customised to the speciﬁc needs of each individual
when implanting a reverse shoulder prosthesis.
A strength of our study is the collection of scapular anatomy
data from a substantial number of cadaver specimens bearing a
reverse prosthesis and used to obtain accurate ROM measurements.
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Fig. 7. a: diagram of the scapular pillar angle values in each of the two  scapular populations identiﬁed based on the cut-off for the surface area under the scapular pillar
( he scapular neck angle. In red, the population of scapulae exhibiting favourable features,
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lSAUSN,  0.8 cm2); b: diagram of variations in the SAUSN depending on the value of t
.e.,  SAUSN >0.8 cm2 and scapular neck angle <105◦ .
ny technical biases inherent to the prosthetic implantation, such
s inferior tilt and glenoid retroversion, were limited. Under these
onditions, the two parameters selected in our study, namely, neck
ngle and SAUSN, appeared useful for evaluating scapular anatomy
nd the main technical criterion, i.e., the 12-mm rule of Kelly et al.
8].
Our study has several limitations. ROMs were measured at the
natomic retroversion, which differed for each of the implanted and
ested shoulders. Several studies [18,25,26] indicate that the degree
f humeral implant retroversion inﬂuences the risk of scapular
otching. Our decision to use two-dimensional CT imaging is also
pen to criticism. We  selected the CT slice through the central peg of
he glenoid baseplate at the point of maximal diameter. This crite-
ion does not ensure that the slice goes through the most prominent
art of the scapular pillar, where notching is most likely to occur.
mpingement may  not occur at a single site of the scapular pil-
ar. In an arthroscopic evaluation, Boughebri et al. [27] showed
Fig. 8. Graph showing the range-of-motion variations, in degrees, in each of the two
populations of scapulae. *: signiﬁcant difference; (*): trend.
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[ig. 9. Graph showing the variations in the surface area under the scapular pillar
SAUSN) according to the peg-glenoid rim distance (PGRD).
hat, during external rotation, impingement occurred posteriorly
t ﬁrst then shifted gradually to an inferior position. Thus, a three-
imensional CT assessment as performed by Torrens et al. [20] may
e more appropriate for describing antero-posterior pillar anatomy
nd understanding the pathophysiology of notching. However, we
ere unable to ﬁnd a satisfactory tool for assessing the pillar on
hree-dimensional acquisitions. Most notably, the SAUSN cannot be
easured on three-dimensional models. A volumetric evaluation
ould probably be more satisfactory but also less widely available
nd more difﬁcult to use in everyday practice.
. Conclusion
Our study conﬁrms the major role for optimising inferior glenoid
verhang in preventing impingement on the scapular pillar after
he implantation of a reverse shoulder prosthesis. The 12-mm rule
evised by Kelly et al. [8] allows to achieve this objective. The use
f this rule, in combination with a favourable scapular geometry,
eﬁned in our study as a neck angle smaller than 105◦, further
mproves ROMs in the various planes, thereby minimising the risk
f subsequent scapular notching.
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